Abstract: Cosmetic practices that use skin-lightening agents to obtain desired skin tones or treat pigment abnormalities have been popular worldwide. However, the molecular and cellular mechanisms of these agents are still largely unknown. Here we identified a family of compounds, with the lead compound named A11, that exhibited strong pigment reduction in developing zebrafish embryos. The pigment inhibition lasted for several days and is effective both before and after melanogenesis. By comparison with several known skin-lightening compounds, A11 appeared to be more potent and caused slower pigment recovery after withdrawal. A11, however, did not inhibit tyrosinase or cause apoptosis in melanocytes. We further found that A11 suppressed proliferation in melanocytes and reduced the number of differentiated melanocytes by activating MAPK (mitogen-activated protein kinase) and Akt. Finally, A11 also caused melanin reduction in mammalian melanocytes. Together, A11 might be a potent skin-lightening agent with novel mechanisms.
Introduction
The desire to manipulate skin color has long been observed in human history. It is well known that melanin, the pigment molecule that determines our skin color, plays an important role in absorbing high energy waves, such as ultraviolet light, to protect molecules like DNA from damages induced by the energy wave. Damages can include abnormal chemical bonding formation and DNA breaks which can eventually lead to cancer formation. It is well documented that people with fair skin color appear to have a significantly higher risk of skin cancer. This explains why darker (or tanned) skin is believed to be healthier and preferred in Caucasians. In contrast, people in African and Asian countries prefer a lighter skin color because it is commonly associated with higher social status. Therefore, while the sunbath and tanning industry is popular in western countries, skin-lightening products and practices are sought after in Asia.
Skin color can easily and quickly be changed due to the high turnover rate of skin cells and the simple enzymatic pathway for melanin synthesis. Keratinocytes make up approximately 90% of our epidermis and are responsible for even skin tone. Keratinocytes are constantly exposed to environmental toxins and damages causing a high turnover rate. It is estimated that the turnover rate ranges from two weeks in infants to one month for people in their thirties. Melanin pigment molecules are synthesized in melanocytes, which only make up 1% of epidermis, and later are transported reduction of black pigment in the zebrafish embryos. Since MEK-I is a known inhibitor of the MEK (mitogen-activated protein kinase kinase) which functions in the MAPK pathway to promote melanin synthesis (reviewed in Imokawa and Ishida [9] ), it is not so surprising to see MEK-I causing pigment reduction. A11, however, has a very different chemical structure than MEK-I and belongs to the stilbene family which has a characteristic C6-C2-C6 structure, similar to that in resveratrol ( Figure 1) . In this article, we report the skin-lightening effect of MEK-I and A11. Our in vivo studies using zebrafish embryos revealed the differential pharmacodynamics of these two compounds. Unlike most stilbenoids, A11 is not a tyrosinase inhibitor. Through cellular and molecular characterizations, we found that A11 seems to have a novel mechanism than other skin-lightening compounds in inhibiting pigment formation by potentially regulating melanocyte differentiation and proliferation (more supporting data can be found in Stueven et al. [17] ).
Cosmetics 2018, 5, x FOR PEER REVIEW 3 of 14 Our lab has been using an established zebrafish heart failure model (Huang et al. [16] ) to look for compounds that could attenuate heart failure progression. Among the several positive compounds that were identified in the last few years, A11 and MEK-I were also able to cause significant reduction of black pigment in the zebrafish embryos. Since MEK-I is a known inhibitor of the MEK (mitogen-activated protein kinase kinase) which functions in the MAPK pathway to promote melanin synthesis (reviewed in Imokawa and Ishida [9] ), it is not so surprising to see MEK-I causing pigment reduction. A11, however, has a very different chemical structure than MEK-I and belongs to the stilbene family which has a characteristic C6-C2-C6 structure, similar to that in resveratrol ( Figure 1) . In this article, we report the skin-lightening effect of MEK-I and A11. Our in vivo studies using zebrafish embryos revealed the differential pharmacodynamics of these two compounds. Unlike most stilbenoids, A11 is not a tyrosinase inhibitor. Through cellular and molecular characterizations, we found that A11 seems to have a novel mechanism than other skin-lightening compounds in inhibiting pigment formation by potentially regulating melanocyte differentiation and proliferation (more supporting data can be found in Stueven et al. [17] ). 
Materials and Methods

Zebrafish Husbandry and In Vitro Fertilization
The zebrafish stocks used in this study are maintained following standard procedures (Westerfield [18] ) and bred by in vitro fertilization. In brief, mature male and female zebrafish were separated by a mesh in a breeding tank the night before breeding. Soon after the light was turned on the next morning, fish were anesthetized in ~0.16% tricaine for 1-2 min. The females were placed on a paper towel to dry the body surface briefly before being transferred into a 6 cm dish. The eggs were expelled onto the dish by gently pressing the latero-ventral side of the belly with fingers. The males were also dried briefly and then placed ventral side up on a sponge well. Under a dissection microscope, the lateral sides of the belly were pressed gently with a pair of blunt forceps while holding a capillary tube close to the anus to collect sperm. The sperm were immediately mixed with the eggs and ~1 mL of egg water was added (more details in Westerfield [18] ). 
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Chemical Treatment of Zebrafish Embryos
Zebrafish embryos were collected and arrayed 5 embryos per well of a 96-well plate in 200 µL of egg water (distilled water containing 60 µg/mL sea salt from Coralife, CA, USA) which were later replaced with the same volume of egg water containing the desired compound. In the recovery experiment, embryos were set up in a 96-well plate with the compound from 24-72 hpf, after which they were transferred to a 6 cm dish to be washed three times with egg water and allowed to continue their development for several days. Pigment analyses were done using wild type embryos as 100% pigment and visually comparing the pigment amount in compound-treated embryos. We typically set up 20 embryos for each treatment group in each experiment with repetition of each experiment.
Chemicals
A11 and its analogs were synthesized by Dr. Monte at UW-La Crosse. Other chemicals used in this study were purchased from Sigma-Aldrich (St. Louis, MI, USA): MEK-I (U0126), MoTP (4-(4-Morpholinobutylthio)phenol, SML0047), and phenoxodiol (D7446) were all prepared at 10 mM in DMSO, arbutin (A4256) was at 300 mM, kojic acid (K3120) at 10 mM, niacinamide (N5535) 20% (w/v), tretinoin (PHR1187) 10% (w/v), and PTU (phenylthiourea, P7629) 0.3% (w/v) all in ddH2O.
In Vitro Tyrosinase Assay
The drug effect on tyrosinase was measured by the in vitro tyrosinase assay (Baurin et al. [19] ). Purified mushroom tyrosinase (cat. T3824, 2100 Unit/mL) and L-tyrosine (T3754, 1.5 mM) were purchased from Sigma-Aldrich. The reactions were set up in triplicate in a 96-well plate. Each reaction contained 30 µL L-tyrosine with 20 µL of tyrosinase and 130 µL of 0.1 M phosphate buffer pH6.5 with or without the test compound (20 µL). The plate was then taken to a microplate reader (Bio-Rad Model 680) to measure the absorbance at 475 nm at multiple time points.
Immunohistochemistry and TUNEL Assay
Embryos were fixed in 4% paraformaldehyde at least overnight in 4 • C. The fixed embryos were washed twice with PBS, (phosphate buffered saline) then once with H 2 O, 5 min/each, and permeabilized with −20 • C acetone for 7 min followed by washes in H 2 O and then PBS. The embryos were incubated with 3% BSA (bovine serum albumin) in PBST (PBS with 0.1% Tween 20) for at least 1 h at room temperature before overnight incubation in 4 • C with the phosphor-Histone H3 (Ser10) Rabbit mAb-Alexa Fluor 555 conjugate in PBST (Cell Signaling Technology). The next day, the embryos were washed with PBST at least 4 times for 15 min/each, then stored in ProLong Gold Antifade Reagent with DAPI (Cell Signaling Technology, Danvers, MA, USA). Apoptotic cells were detected by TUNEL assay using the TMR In Situ Cell Death Detection Kit from Roche.
In Situ Hybridization
In situ hybridization protocol was adopted from The Zebrafish Book (Westerfield [18] ). Because of the concern that our compounds do not cause complete albino and the residual pigment might interfere with the in situ hybridization signal and skew our analysis, we treated embryos with desired compounds with PTU, and those embryos treated with PTU alone were used as a positive control in this experiment. PTU does not cause cell death or developmental defects in melanocyte. Twenty embryos were set up for each compound and treated from 24-48 hpf then fixed for in situ hybridization.
Western Blotting
Twenty embryos were first treated with desired compound from 24-48 hpf followed by pigment analysis using a dissection microscope. Embryos were then de-chorionized and put into 200 µL of lysis buffer (0.2% NP-40, 100 mM Tris, 150 mM NaCl, 8 mM of EDTA, pH 7.4) with protease inhibitor cocktail added freshly (P8340, Sigma). Embryos were grinded with plastic pestles for 5 min and then further lysed for 2 h in 4 • C on a shaker. The lysate was then centrifuged at 12,000 rpm, 4 • C, for 20 min. The supernatant was transferred to a clean tube and stored in −80 • C. Protein concentration was determined using the Pierce BCA Assay Kit (23227, Thermo Scientific, Waltham, MA, USA). 10-20 µg of proteins were loaded into 12% SDS-PAGE gel (Bio-Rad) for gel electrophoresis and later for Western blotting using the Pierce Fast Western Blot Kit (35050, Thermo Scientific, Waltham, MA, USA). Antibodies were purchased from Cell Signaling Technology.
Cell Culture
The mouse melanoma cell line B16F10 (ATCC CRL-6475) was purchased from ATCC (American Tissue Culture Center, Manassas, VA, USA) and maintained in DMEM (Dulbecco/Vogt modified Eagle's minimal essential medium) supplemented with 10% fetal bovine serum. The human primary epidermal melanocytes (PCS-200-013) was also purchased from ATCC and maintained in Dermal Cell Basal Medium (PCS-200-030) supplemented with the Adult Melanocyte Growth Kit (PCS-200-042). Trypsinization and subculture were performed following the protocols found on the ATCC website. For chemical treatment, approximately 14,000 melanoma cells and 30,000 normal melanocytes were seeded in each well of the 24-well plate with 0.5 mL of culture medium. Cells were set up in triplicate and allowed to grow two days for melanoma or three days for normal melanocytes before chemical treatment. After 24 h of chemical incubation, cells were lysed with 250 µL of 1 N KOH in the well and 180 µL of lysate was transferred to a flat-bottom 96-well plate for melanin measurement.
Results
A11 and MEK-I as Skin-Lightening Compounds
To understand the pharmacodynamics of A11 and MEK-I, we characterized the two compounds in a series of experiments using zebrafish embryos. First, we tested how early the compounds are required to produce pigment inhibition phenotypes in the developing embryos. Embryos were treated with A11 and MEK-I at different stages, 12, 16, 20, 24 hpf (hours post fertilization) and examined for pigment development at 48 hpf. While A11 caused similar degrees of pigment inhibition in these embryos, MEK-I showed complete inhibition in early embryos but less inhibition in 24 hpf embryos ( Figure 1 ). MEK-I appeared to have no inhibition at all in the 30 hpf embryos (data not shown), indicating MEK-I only functions in the early stage of pigment formation. Alternatively, MEK-I might have a slower drug effect so that the inhibition was not apparent within the 16-h (from 30-48 hpf) treatment. This was proved not to be the case as we saw no pigment inhibition by MEK-I at later time points (data not shown).
Next, we tested the duration of drug effect. Embryos at 24 hpf stage were treated with MEK-I or A11 and observed at 48 and 72 hpf. Embryos treated with A11 showed about the same pigment inhibition at both 48 and 72 hpf stages but those in MEK-I only showed effective pigment reduction in 48 but not in 72 hpf embryos (Figure 2A ), indicating A11 has longer inhibition ability than MEK-I. Embryos incubated in MEK-I from 12-72 hpf showed almost normal level of black pigment, but those incubated from 20-72 hpf showed greatly reduced pigment content ( Figure 2B ), indicating the effective duration of MEK-I is approximately 50 h long. By contrast, A11 caused similar level of pigment reduction in embryos at all the stages tested, ranging from 14-72 hpf and the pigmentation inhibition lasted at least for 4 days (data not shown). Thus, A11 has a broader time window and longer skin-lightening effect than MEK-I. All these results suggest that A11 and MEK-I have different inhibitory mechanisms. 
Stronger Potency of A11 over Most Skin-Lightening Compounds
Zebrafish embryos have been used to test skin-lightening compounds due to its conserved melanin development mechanisms (Dooley et al. [20] ). The popular human skin-lightening compounds arbutin and kojic acid had been shown to produce strong skin-lightening effect on developing zebrafish embryos (Choi et al. [14] ). We next compared A11 and MEK-I with several human skin-lightening compounds that are currently on the market: arbutin, kojic acid, niacinamide, tretinoin, and two recently reported compounds, haginin A (Kim et al. [10] , also called phenoxidiol) and MoTP (Yang et al. [21] ) as well as the well-known tyrosinase inhibitor, phenylthiourea (PTU). We found that these skin-lightening compounds caused different degrees of pigment reduction in zebrafish embryos ( Figure 3A) . In summary, A11, arbutin, MoTP, phenoxodiol, and PTU could reliably reduce the pigment by approximately 90-100%. MEK-I had the same effect but only when it is applied to younger embryos. Staying consistent with its known tyrosinase inhibitory activity, kojic acid caused a lighter color in all the melanocytes ( Figure 3C ). These comparison studies validate the potential skin-lightening effect of A11 and MEK-I on humans.
In the previous experiment, we also noted that several human skin-lightening compounds appeared to cause toxicity in developing embryos, most of which have not been reported before. In arbutin-treated embryos, we observed cardiac arrest within 2-4 days of incubation in a dosage dependent manner. Unlike most cardiac toxins which commonly cause cardiac edema, there was no dramatic morphological defects or cardiac edema in the arbutin-treated embryos (unpublished results). Niacinamide, phenoxodiol, and tretinoin appeared to disrupt other developmental processes causing severe morphological defects in multiple tissues ( Figure 3A) . MoTP has been shown to cause melanocyte cell death in a tyrosinase-dependent manner (Yang et al. [21] ). MEK-I is interesting in that it caused notochord development defects ( Figure 1 , Hawkins et al. [22] , Huang et al. [16] ), but only in early embryos. PTU also cause notochord distortion in early embryos, presumably due to its ability to chelate copper ions (also reported in Hawkins et al. [22] . Older embryos treated with MEK-I or PTU were able to develop normal notochords and live (Figures 1 and 3) . 
A11 Reduces Existing Pigment
To test whether the skin-lightening compounds had any effect on already formed pigment, we treated 48 hpf embryos with the compounds until 72 or 96 hpf. Interestingly, while most skinlightening compounds had little or no effect on existing pigment, A11 caused significant reduction of pigment within 24 h of treatment ( Figure 4A) . Interestingly, the melanocytes in A11-treated embryos appeared contracted than those in control ( Figure 4C ). , and phenoxidiol (10 µM) all exhibited strong pigment inhibition, but ® -arbutin (100 mM), kojic acid (10 mM), tretinoin (1%), gallic acid (1 mM), and niacinamide (1%) showed weaker inhibition. Some skin-lightening compounds apparently caused strong toxicity to developing embryos, body curvature by niacinamide and eye and tail defects by tretinoin. High magnification of the head area of embryos in H 2 O (B) and kojic acid (C) are shown to display the lighter pigment in melanocytes (arrow) caused by kojic acid.
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To test whether the skin-lightening compounds had any effect on already formed pigment, we treated 48 hpf embryos with the compounds until 72 or 96 hpf. Interestingly, while most skinlightening compounds had little or no effect on existing pigment, A11 caused significant reduction of pigment within 24 h of treatment ( Figure 4A) . Interestingly, the melanocytes in A11-treated embryos appeared contracted than those in control ( Figure 4C ). Embryos at 48 hpf stage that already generated lots of pigment were selected for this experiment to receive compound treatment until 72 hpf and then were photographed. A11 caused significant pigment reduction compared to the control at 72 hpf (even less than 48 hpf normal embryo in Figure 3 ). High magnification of H2O (B) and A11 (C) treated embryos are shown to display the contracted morphology of melanocytes (arrows). 
Slow Pigment Recovery by A11
As most skin-lightening compounds are tyrosinase inhibitors, it has been shown that pigmentation could recover within 24 h after compounds were washed off. To test this notion, embryos were treated with skin-lightening compounds from 20-48 or 72 hpf, washed twice, and transferred to egg water for 24 h or longer. The results showed that pigmentation in most embryos did recover quickly but not in A11 or arbutin-treated embryos ( Figure 5B ). 
A11 is Not a Tyrosinase Inhibitor
It has been shown that many stilbenoids have tyrosinase inhibitory activity (Likhitwitayawuid [23] ). Since A11 is a stilbene-like compound, we tested whether A11 or MEK-I can inhibit tyrosinase using an in vitro tyrosinase assay (Baurin et al. [19] ). While most of the skin-lightening compounds showed strong inhibition of tyrosinase, neither A11 or MEK-I did at either 10 μM and 50 μM ( Figure  6 and data not shown). It is important to note that phenoxodiol had a very short tyrosinase inhibition efficacy but gallic acid and MoTP actually enhanced tyrosinase activity (Figure 6 ).
A11 Causes Defects in Melanocyte Differentiation
To further understand the mechanism of A11, we examined the development of melanocytes by in situ hybridization for the dct (dopachrome tautomerase) gene which is expressed in differentiated melanocytes. The result showed that the number of dct-expressing cells in A11-treated embryos is significantly lower than in the control ( Figure 7A ). To test whether the fewer dct-expressing cells is due to decreased proliferation of melanocyte, we performed immunostaining using the anti- 
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To further understand the mechanism of A11, we examined the development of melanocytes by in situ hybridization for the dct (dopachrome tautomerase) gene which is expressed in differentiated melanocytes. The result showed that the number of dct-expressing cells in A11-treated embryos is significantly lower than in the control ( Figure 7A ). To test whether the fewer dct-expressing cells is due to decreased proliferation of melanocyte, we performed immunostaining using the anti-phosphorylated histone H3 antibody. The result showed that embryos treated with A11 had lower level of proliferative melanocytes ( Figure 7B ). To test if A11 induced apoptosis in melanocytes, TUNEL experiments were performed and showed no significant apoptosis in A11-treated embryos ( Figure 7C ). 
A11 Activates MAPK and Akt Pathways in Fish Embryo
MAPK signaling pathway has been shown to positively regulate pigment formation (Imokawa and Ishida [9] ). We performed Western blotting to examine how A11 and MEK-I influence MAPK activity to regulate pigment formation. MEK-I showed expected inhibition of MAPK activity which is consistent with the current literature. To our surprise, A11 caused a distinguishably higher level of phosphorylated MAPK (activated MAPK). Another signaling pathway that is known to regulate pigment formation is Akt. Studies established that activation of Akt causes suppression of melanin synthesis in G361 melanoma cells (Oka et al. [24] ). We also found that A11 slightly increases phosphorylated Akt. MEK-I, however, decreases the phosphorylated Akt (Figure 8 ). Note that due to the high content of lipids and proteins in the embryonic yolk, the amount of pMAPK and pAkt proteins appeared much less and the bands were fainter in the gel than we expected. However, we were able to observe a similar increase of pMAPK and pAkt by A11 using B16F10 mouse melanoma cells (Stueven et al. [17] ). 
MAPK signaling pathway has been shown to positively regulate pigment formation (Imokawa and Ishida [9] ). We performed Western blotting to examine how A11 and MEK-I influence MAPK activity to regulate pigment formation. MEK-I showed expected inhibition of MAPK activity which is consistent with the current literature. To our surprise, A11 caused a distinguishably higher level of phosphorylated MAPK (activated MAPK). Another signaling pathway that is known to regulate pigment formation is Akt. Studies established that activation of Akt causes suppression of melanin synthesis in G361 melanoma cells (Oka et al. [24] ). We also found that A11 slightly increases phosphorylated Akt. MEK-I, however, decreases the phosphorylated Akt (Figure 8 ). Note that due to the high content of lipids and proteins in the embryonic yolk, the amount of pMAPK and pAkt proteins appeared much less and the bands were fainter in the gel than we expected. However, we were able to observe a similar increase of pMAPK and pAkt by A11 using B16F10 mouse melanoma cells (Stueven et al. [17] ). PTU showed no effect on MAPK and Akt. Total MAPK was used as an internal control which showed nearly equal amount of proteins in each lane.
A11 Also Causes Melanin Reduction in Mammalian Cells
Finally, we tested whether A11 has a similar drug effect on mammalian cells. We chose to use B16F10 mouse melanoma cells which are highly pigmented and metastatic cancer cells that have been widely used for skin-lightening compound test and human primary melanocytes which are derived from the epidermis of human foreskin. In both cases, we observed reduction of melanin by A11 comparable to other skin-lightening compounds ( Figure 9 ). Western blotting using anti-total MAPK, anti-P-MPAK, or anti-Akt antibodies showed that A11 caused higher level of phosphorylated MAPK (p-MAPK) and Akt (pAkt). MEK-I inhibited MAPK activation strongly and caused inhibition of Akt. PTU showed no effect on MAPK and Akt. Total MAPK was used as an internal control which showed nearly equal amount of proteins in each lane.
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Discussion
A11 as a Potent and Safer Skin-Lightening Compound
Through the comparison studies of A11 and other skin-lightening compounds, we found that A11 seems to be a potent yet safe compound for cosmetic product. A11 at 10 µM inhibits almost 90% of pigment in zebrafish embryos up to 5 days post fertilization. A11 at 40 µM also shows strong melanin inhibition in mammalian cells comparable to other skin-lightening compounds, such as kojic acid and arbutin. Unlike niacinamide or tretinoin, which caused strong toxicity in developing zebrafish embryos, A11 shows no detectable toxicity up to 40 µM. Through the late treatment experiment (Figure 4) , we found that only a few skin-lightening compounds could reduce existing pigment, which included A11. In the pigment recovery experiment, A11-treated embryos recovered slower than other skin-lightening treated embryos. During our studies, we found that phenoxidiol was the other compound that could reduce existing pigment, but the phenoxidiol-treated embryos were very sick and died in a few days, with phenoxidiol toxicity being irreversible. A11 can effectively reduce melanin in mammalian cells, both in highly pigmented melanoma cells and normal human melanocytes. Together, we conclude that A11 seems superior than other skin-lightening compounds.
Possible Cellular Mechanism of A11
Studies show that most skin-lightening compounds reduce melanin synthesis by simply inhibiting tyrosinase enzyme activity with little toxicity on melanocytes. Those compounds, including resveratrol, could be competitive or noncompetitive inhibitor of tyrosinase. Some skin-lightening compounds, however, bind to tyrosinase which metabolizes into toxic product and kills melanocytes, such as hydroquinone, MoTP (Yang et al. [21] ), and rhododendrol (Sasaki et al. [8] ). A11 did not inhibit tyrosinase or cause melanocyte apoptosis, which makes A11 a very interesting skin-lightening compound. Our studies clearly show that A11 inhibits melanocyte proliferation (Figure 7) . However, that cannot be the only mechanism because it does not explain how A11 can reduce existing pigment. By examining the number of differentiated melanocytes using in situ hybridization, we further discovered that A11 actually caused fewer differentiated melanocytes (Figure 7) . These results together lead to an interesting model where A11 possibly causes reduction of melanocyte number by inhibiting melanocyte differentiation. If this model is correct, we anticipate a reduction of expression of melanocyte differentiation genes. Indeed, we recently published another paper using mouse melanoma cells to clearly see reduction of the Mitf and tyrosinase genes by A11 (Stueven et al. [17] ).
MAPK Signaling Pathway in Melanogenesis
Only several skin-lightening compounds have demonstrated the ability to inhibit tyrosinase in addition to activating or inhibiting intracellular signal cascades leading to the transcriptional inhibition of melanin synthesis genes, such as haginin A (Kim et al. [10] ), gallic acid (Su et al. [12] ), and hydroquinone (Inoue et al. [25] ). These studies focused on the MAPK and Akt signaling pathways. Unfortunately, those and our results do not quite agree with the current molecular mechanism for melanogenesis. In the review article by Imokawa and Ishida [9] , UV light and α-MSH (melanocyte stimulating hormone) induce melanin synthesis by activating MAPK and PKC pathways but haginin A and gallic acid both activate MAPK and Akt to reduce melanin (Kim et al. [10] ). In our study, we show that MEK-I reduces pigment and inhibits MAPK at the same time in zebrafish embryo. A11, however, reduces pigment and activates MAPK and Akt simultaneously. One potential explanation for this is that the activation of MAPK and Akt by A11 does not directly lead to melanin synthesis, but instead there is another as-yet unidentified signaling pathway(s) involved in melanin synthesis that is regulated by A11.
